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Factors affecting fluid movement
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Duke University Medical Center Durham, North Carolina
Factors affecting fluid movement and intercellular space forma-
tion in the toad bladder. Toad (Bufo marinus) urinary bladder was
employed to evaluate the effect of smooth muscle contraction
and serosal hydrostatic pressure on vasopressin-induced osmotic
water flow and intercellular space configuration. Changes in
epithelial thickness and configuration were evaluated by mor-
phometric analysis of one micron tissue sections of toad bladder
sacs fixed in 1% osmium tetroxide and embedded in epon. Net
water transport was determined gravimetrically. Sacs treated
with acetylcholine or adenosine triphosphate after the establish-
ment of vasopressin-induced osmotic water flow contracted
immediately. After acetylcholine, water flow fell from 0.659 SD
0.153 ml min1 gdryweighF1too.069± so0.059m1 min1 .g
dry weight' and intercellular space enlargement was absent.
Similar results were obtained in sacs treated with acetylcholine
and adenosine triphosphate before exposure to vasopressin in
the presence of a dilute mucosal solution. In the serosal hydro-
static pressure experiments in which sacs were mounted in the
everted configuration (serosal side inward), there was an increase
in epithelial thickness over control values and a positive correla-
tion was observed between the relative volume (Vis) of the inter-
cellular spaces within the epithelial layer and the serosal hydro-
static pressure (HP) according to the formula, V = I —
0.867e—0.063m' over a range of 0.5 to 20cm H20. These studies
demonstrate that vasopressin-induced osmotic water flow which
causes intercellular space enlargement can be prevented or
reversed by acetylcholine and adenosine triphosphate. Both drugs
may act by causing contraction of the smooth muscle in the
bladder wall which, in turn, throws the epithelium into deep
folds. The available effective surface area for vasopressin-
induced water reabsorption is largely eliminated, perhaps through
the creation of large unstirred pockets of fluid in which the
osmotic gradient is quickly dissipated. In addition, small incre-
ments of hydrostatic pressure applied to the serosal surface of
the toad bladder produce marked intercellular space enlargement
which is independent of water flow. It is concluded that dilatation
of lateral intercellular spaces is an accurate reflection of osmotic
water flow in the toad bladder in every instance thus far studied
if serosal hydrostatic pressure is eliminated.
Received for publication October 5, 1971
accepted December 13, 1971.
© 1972, by the International Society of Nephrology.
145
Facteurs affectant le mouvement de l'eau et Ia formation des
espaces intercellulaires dons la vessie du crapaud. L'influence de Ia
contraction de Ia musculature lisse et de Ia pression hydrostatique
(exercée sur Ia face séreuse) sur le flux osmotique de l'eau produit
par la vasopressine et sur Ia configuration des espaces inter-
cellulaires a été évaluèe dans Ia vessie du crapaud (Bufo marinas).
Les variations d'épaisseur et de configuration de l'épithélium
ont été jugées par analyse morphométrique de tranches de tissu
d'un micron prélevées sur des sacs vésicaux fixes avec 1% de
tetroxide d'osmium et enrobés d'épon. Les sacs exposés a
l'acétylcholine ou a l'adénosine triphosphate, aprés induction par
Ia vasopressine d'un flux osmotique, se contractent immediate-
ment. Après acétylcholine, le flux aqueux diminue de 0.659 sn
0.153 ml min' g tissu deshydraté' a 0.069± so 0.059 ml
min1 g tissu déshydraté' sans élargissement des espaces inter-
cellulaires. En presence d'une solution diluée baignant Ia surface
muqueuse de Ia vessie, des résultats semblables sont obtenus
lorsque l'acétylcholine et l'adénosine triphosphate sont ajoutés
avant Ia vasopressine. Dans les experiences de pression hydro-
statique, effectuées sur des sacs retournés (surface séreuse
orientée vers I'intérieur), l'épaisseur de I'épithélium augmente et
une correlation directe éxiste entre le volume relatif (V15) des
espaces intercellulaires et Ia pression hydrostatique (HP) exercée
sur Ia face séreuse. Pour des pressions de 0.5 a 20 cm H20, cette
correlation est définie par Ia formule V15= 1— 0.867e006315'.
Ces experiences démontrent que le flux de l'eau, induit par Ia
vasopressine et responsable d'un élargissement des espaces inter-
cellulaires, peut étre prévenu ou annulé par I'acetylcholine ou
l'adénosine triphosphate. Les deux substances agissent, sans
doute, en produisant une contraction de Ia musculature lisse de
Ia paroi vésicale avec, pour consequence, formation d'un épi-
thélium plissé. Une grande partie de Ia surface utilizable pour Ia
reabsorption de l'eau sous l'influence de Ia vasopressine est
éliminée vraisemblablement par Ia creation de poches oü le
liquide n'est pas agite Ct OU le gradient osmotique disparait
rapidement. Par ailleurs, une élévation minime de Ia pression
hydrostatique sur la face séreuse de Ia vessie elargit les espaces
intercellulaires, indépendamment du flux aqueux éxistant. En
conclusion, dans Ia vessie du crapaud, pour chaque condition
étudiée jusqu'á present si l'influence de Ia pression hydrostatique
sur Ia face séreuse est éliminée, Ia dilatation des espaces latéraux
intercellulaires reflète d'une facon exacte le flux osmotique de
l'eau.
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The isolated urinary bladders of both the toad and
the frog have proven to be useful models for the study
of vasopressin-induced osmotic water flow across
epithelial surfaces. Morphological studies by Pak Poy
and Bentley [1], Peachey and Rasmussen [2], Carasso,
Favard and Valerien [3], Choi [4], and Jard, et al. [5]
have demonstated an increase in the volume of epi-
thelial cells and an enlargement of intercellular spaces
in the presence of a hypotonic mucosal medium and
vasopressin in bladders from both species. These
findings are believed to be the direct result of vaso-
pressin-induced net flow of water across the epithelium.
Similar results have also been reported in isolated
segments of cortical collecting tubules of the rabbit
[6, 7] and in the cortical and medullary collecting ducts
of rats with hereditary hypothalamic diabetes insi-
pidus given exogenous vasopressin during active water
diuresis [8, 9]. Recently, however, it has been reported
that vasopressin-induced intercellular space enlarge-
ment can occur in the isolated toad urinary bladder in
the apparent absence of an osmotic gradient favoring
net fluid movement from the mucosal to the serosal
surface of the epithelium [10]. This morphological
finding was attributed to the action of vasopressin as
a smooth muscle relaxant [11]. However, studies in
our own laboratory [12] and by others [13] would
seem to indicate that the dilated intercellular spaces
cannot be attributed to smooth muscle relaxation as
reported originally [10, 11], but rather that an osmotic
gradient favoring net water movement from the muco-
sal to the serosal side of the epithelium actually
existed during the early critical phases of fixation.
Because of these findings the present investigation
was initiated to determine what other factors in ad-
dition to vasopressin-induced osmotic water flow might
be operable in the formation of enlarged intercellular
spaces in the toad urinary bladder. The results indicate
that 1) the application of hydrostatic pressure to the
serosal side of the epithelium effects a degree of inter-
cellular space enlargement that is roughly proportional
to the amount of applied pressure; 2) intercellular
space enlargement does not occur when similar levels
of hydrostatic pressure are applied to the mucosal
surface; 3) enlargement of intercellular spaces secon-
dary to vasopressin-induced osmotic water flow does
not occur if toad urinary bladders are pretreated with
acetylcholine or adenosine triphosphate; 4) enlarged
intercellular spaces consequent to vasopressin-induced
osmotic water flow are eliminated by subsequent ex-
posure to both acetylcholine and adenosine triphos-
phate, and 5) vasopressin-induced osmotic water flow
Materials and Methods
The toad (Bufo marinus) was utilized in all experi-
ments. Animals were fed homogenized liver and pro-
vided fresh running water ad libitum until 48 hours
before sacrifice. At that time, they were placed on
0.6% saline to insure uniform hydration. On the
experimental day, the animals were pithed and the
abdominal cavity was incised to expose the hemi-
bladders for resection. Up to four sacs were prepared
from each hemi-bladder in a manner similar to that
described by Bentley [14]. The individual sacs were
mounted on glass cannulas with an internal diameter
of 4 mm with either the mucosal (normal) or serosal
(everted) side inward (Figs. I and 2). The sacs were
is reversed by subsequent exposure of the toad bladder
to acetylcholine.
Fig. 1. Diagram of normal toad bladder sac preparation in which
the mucosal surface of the epithelium faces inward (insert).
Fig. 2. Diagram of the everted toad bladder sac preparation in
which the serosal surface of the sac faces inward (insert).
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filled with amphibian Ringer's solution, the exact
volume depending on the size of the sac. In each
instance the volume added to the sac was sufficient
to distend the bladder wall without creating a measur-
able hydrostatic pressure gradient. The usual volume
of fluid added to each sac under the above conditions
varied from two to three ml. The inner bathing solu-
tion (the mucosal bathing solution of sacs mounted
in the normal configuration and the serosal bathing
solution of sacs mounted in the everted configuration)
remained unstirred during all experiments. The sacs
were supported in test tubes containing 20 ml of
amphibian Ringer's solution through which room air
was bubbled continuously throughout the experiment.
In all experiments the cannulas were open to room air.
The sacs were allowed to equilibrate for a period of at
least two hours before experiments were performed.
isotonic Ringer's solution was prepared with the
following composition in mmoles/liter: sodium chlo-
ride, 111; potassium chloride, 3.4; sodium bicarbo-
nate, 4.0; calcium chloride, 2.7; and glucose, 5. The
pH of the solution in equilibrium with room air was
8.2 and its osmolality was 225 to 235 mOsm/kg H20.
Hypotonic Ringer's solution was prepared by diluting
isotonic Ringer's solution with an equal volume of
deionized water. The osmolality was 112 to 118 mOsm
per kg H20.
Four separate series of experiments were performed.
First, the ability of hydrostatic pressure to cause inter-
cellular space formation was evaluated by applying
varying degrees of hydrostatic pressure ranging from
0.5 to 20 cm H20 to the mucosal and serosal surfaces
of the toad bladder epithelium. The morphologic
effects of everting toad urinary bladder to form sacs
in the absence of a transepithelial pressure gradient
were also evaluated in this series of experiments as
described below. Second, the effects of pretreatment
with acetylcholine or adenosine triphosphate on toad
bladder sacs (normal configuration) before their
exposure to vasopressin in the presence of an osmotic
gradient was studied. The bladder sacs were bathed
in hypotonic Ringer's solution on the mucosal surface
and isosmotic Ringer's solution on the serosal surface.
Either 1 mvt acetyicholine or 5 mrvi adenosine tn-
phosphate was added to the serosal bathing medium.
After 5 to 10 minutes vasopressin was added. Twenty
minutes later the sacs were fixed for histologic exami-
nation as described in a subsequent section. Third,
the effects of acetyicholine and adenosine triphosphate
treatment on pre-existing enlarged intercellular spaces
formed as a result of vasopressin-induced osmotic
water flow were investigated, intercellular space
enlargement was induced by the addition of vaso-
pressin to the serosal bathing medium in the presence
of an osmotic gradient favoring fluid movement from
the mucosal to the serosal side of the epithelium.
Twenty minutes after the establishment of osmotic
water flow, 1 mrvr acetyicholine or 5 mrvt adenosine
triphosphate was added to the serosal medium. Five
minutes later the sacs were fixed for histologic eva-
luation as described below. Fourth, the effect of acetyl-
choline on vasopressin-induced osmotic water flow
was evaluated. Seven pairs of sacs were prepared in
a manner similar to that described in experiment
three above. Seven served as control sacs and seven
as experimental sacs. Measurements of baseline water
flow from the mucosal to the serosal surface of the
epithelium were made in all 14 sacs during two ten-
minute control periods (periods 1 and 2) when the
mucosal bathing solution was dilute with respect to
the serosal bathing solution. Vasopressin, 100 mU/mi,
was then added to the serosal bathing solution and
20 minutes later water flow was again measured
during two ten-minute periods (periods 3 and 4). The
seven experimental sacs were then exposed to 1 mrvt
acetylcholine which was added to the serosal bathing
medium. Five minutes later measurements of water
flow were initiated and continued for two ten-minute
periods (periods 5 and 6).
Vasopressin' was always applied to the serosal
surface of the bladder in concentrations of 100 mU/mi
by diluting the stock preparation with one of the above
solutions depending upon the type of experiment per-
formed. Other reagents included adenosine tniphos-
phate2 (5 mM) and acetyicholine chloride3 (1 mM).
The potential difference (PD) across the sac was
monitored with a Kiethly 610 B electrometer using
calomel half-cells and agar-KCI bridges. The short
circuit current (SCC) was measured intermittently by
a modification of the method of Ussing and Zerahn
[15]. The technique is similar to that described by
Walser [16] for use in the toad bladder sac prepara-
tion. The resistance (i)) was determined by the ratio
of the change in PD to an imposed current of
10 iamps [17]. The inner potential measuring electrode
was situated at the lower end of the open cannula.
The inner current passing electrode was kept as near
as possible to the geometric center of the spherical sac.
The outer potential measuring electrode was placed
1 Pitressin, Parke-Davis, Detroit, Mich., liSA.
2 Sigma Chemical Co., St. Louis, Mo., U.S.A.
Merck and Co., Rahway, N. J., U.S.A.
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near the outer surface of the sac. The outer current
passing electrode was placed approximately two cm
from the sac near the bottom of the test tube. In the
contracted bladder, electrical measurements were not
deemed reliable since the inner current passing elec-
trode was no longer positioned in the geometric center
of the bladder.
Hydrostatic pressure was varied by adjusting the
height of the fluid column in the glass cannulas. The
amount of pressure in the system was calculated by
measuring the height of the column and correcting
for the effect of capillary pressure. In the studies on
serosal hydrostatic pressure, Ringer's solution was
not placed in the sac until it was submerged in the
outside bathing solution.
In experiments conducted to determine the effect on
morphology of reversing the sac (Fig. 2), toad bladder
sacs were mounted over the surface of a nylon mesh
support in both the reversed and normal configura-
tion. Care was taken to insure that the diameter of the
supporting sphere of nylon mesh was identical to
the diameter of the bladder sac when mounted on
the glass cannulas in the conventional manner. After
mounting, the tissue was submerged in a small beaker
of Ringer's solution in such a manner that no pressure
gradient existed across the bladder epithelium. Fixa-
tion was initiated in this preparation without altering
the hydrostatic pressure relationships.
All toad bladders were fixed in 1 %osmium tetroxide
buffered in sodium cacodylate added to both sides of
the bladder sac. The fixative solution was balanced
osmotically to match the osmolality of the particular
solution bathing the mucosal and serosal surface of
the bladder during the experiment. Tissue was allowed
to fix at room temperature for one hour. After fixation
all tissue was dehydrated in a graded series of alcohols.
While in 70% alcohol the individual sacs were cut
into 2 x 10 mm strips. All tissue was embedded in
epon epoxy resin [18] in such a manner that the plane
of section would be perpendicular to the surface of the
bladder epithelium. By employing this embedding
technique, the degree of subsequent oblique sectioning
was markedly reduced. Sections one micron in thick-
ness were cut on a Porter-Blum ultramicrotome and
stained with toluidine blue [19] before evaluation and
photography with a Zeiss photomicroscope II using
Kodak Panatomic X film.4 Tissue sections from each
experiment were reviewed independently by each
investigator and graded for the presence or absence
of intercellular spaces without knowledge of the ex-
perimental conditions.
Net water flow was determined according to the
method of Bentley [14]. The sacs, still attached to the
glass cannulas, were removed from the serosal bath,
blotted gently over their outer surface and weighed
on a Mettler5 balance. The difference in weight over
two ten-minute periods was taken as an estimate of
the water efflux for each experimental condition
studied.
Using morphometric techniques the area represent-
ing the total intercellular space (V15) was determined
and expressed as a percent of the total epithelial area
according to the principles of Delesse [20] and Glago-
1ev [21]. This calculation represents a good estimate
of the relative volume but not the absolute volume of
the intercellular spaces. For these calculations photo-
micrographs of the one micron sections were sub-
jected to a statistical counting technique patterned
after that described by Weibel and Elias [22]. A total
of 400 to 1,500 grid points were counted over the
epithelium in 11 to 19 photomicrographs to derive
each point depicted in Fig. 5. Next, the total thickness
of the epithelial layer was determined from measure-
ments of the same group of photomicrographs. The
method used was patterned after that originally
described by Gfeller and Walser [23]. Using their
technique the following formula was employed to
minimize the effects of folding on epithelial thickness:
D' Mee
Vb7a
"true" epithelial thickness,
the shortest measured distance in cm be-
tween the apical surface of the epithelium
and the basement membrane,
a = a straight line of arbitrary length which
encompasses several mucosal folds and
is measured parallel to the mucosal sur-
face, andb = the actual length of the mucosal cell sur-
face measured over the same distance
represented by a and determined with a
standard map measure.
A total of 40 measurements representing the shortest
distance (Me) from the apical cell surface of the epi-
thelium to the basement membrane were taken at
each level of pressure. A "true" epithelial thickness,
D, was calculated for each photomicrograph. The
Eastman Kodak, Rochester, N.Y., U.S.A. Mettler Instrument Corp., Princeton, N.J., U.S.A.
where D =
M =
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average value of D for each pressure is shown on
Table 1. The value has been corrected for photo-
graphic enlargement and is expressed in microns.
Results
Effects of hydrostatic pressure. The results of the
effect of applying varying degrees of hydrostatic
pressure to the mucosal and serosal surfaces of toad
bladder sacs are shown in Figs. 3 a—c, 5 and 6 and
Table 1. A hydrostatic pressure as low as 0.5 cm H20
applied to the serosal surface of toad bladder sacs
mounted in the reversed configuration caused marked
dilatation of the intercellular spaces (Fig. 3 a). At this
pressure there was an obvious absence of dilated
intercellular spaces between cells of the outermost or
surface layer of the epithelium, while the intercellular
spaces were markedly dilated around the cells forming
the basal layer of the epithelium. At a pressure of
5 cm H20 there was a further increase in the relative
volume of the intercellular spaces (Fig. 3 b). In many
areas the basal layer of epithelial cells was lifted or
separated from the basal lamina. A few epithelial cells
of the surface layer began to exhibit dilated lateral
intercellular spaces. At a hydrostatic pressure of
10 cm of H20 there was an additional increase in the
relative volume of the intercellular spaces. The inter-
cellular space dilatation was most pronounced in the
basal layers of the epithelium (Fig. 3 c); however, at
pressures in this range most surface epithelial cells
were also separated by dilated lateral intercellular
spaces. Extensive areas of separation of the epithelium
from the basal lamina were now present in many
regions. Portions of bladder mounted in a similar
reversed configuration over the nylon mesh support
with the serosal surface inward and fixed in the ab-
sence of a hydrostatic pressure gradient contained only
occasional enlarged intercellular spaces (Fig. 4). There
was a positive relationship between the amount of
hydrostatic pressure that was applied to the serosal
surface of the epithelium and the degree of inter-
Fig. 3. Photomicrographs of everted toad bladder sacs subjected to
varying degrees of hydrostatic pressure applied to the serosal
surface. a. 0.5 cm of H20; b. 5 cm of H20; c. 10 cm of H20.
Table 1. Relationship between serosal hydrostatic
pressure and thickness of toad bladder epithelium
Serosal
hydrostatic
pressure
cm of JI2O
b/at' Me
in cmb
D
in pC
pd
zero 1.23 1.68 9.1±1.1
0.5 1.36 2.63 13.7±1.6 <0.0005
1.0 1.21 2.22 12.2±2.7 <0.0025
5.0 1.15 4.27 24.2±7.2 <0.0005
10.0 1.03 2.76 16.4±5.4 <0.0005
20.0 1.06 2.66 15.7±3.8 <0.0005
a Factor for determining effect of folding on epithelial thickness
(see Methods for explanation).
b Measured epitheliat thickness in cm (see Methods).
"True" epithelial thickness (see Methods for explanation).
1 As compared to zero pressure.
1ta.
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Fig. 4. Everted toad bladder sac fixed in the absence of a hydra.
static pressure gradient. Essentially no dilated intercellular spaces
are seen.
cellular space enlargement that was observed. In
Fig. 5 the — log V, where V represents the relative but
not the absolute cell volume, has been plotted against
serosal hydrostatic pressure (HP). V1 represents the
relative volume of the intercellular spaces, thus
V+V=l. The regression coefficient (r) of 0.983
attests to the strong linear dependence of — log V on
serosal hydrostatic pressure. Substitution of I — V1
for Vc and rearrangement yields the relative inter-
cellular space volume as a function of hydrostatic
pressure such that V1=l —0.867e°°63'.
The results of the measurements of total epithelial
thickness are given in Table I. There was a progressive
increase in total thickness as the serosal pressure was
0.
Fig. 5. Analysis of hydrostatic pressure-intercellular space rela-
tionship. Hydrostatic pressure (HP) is plotted along the abcissa
against—log V on the ordinate. The straight line was fitted by
linear regression analysis. For this line the regression coefficient(r= 0.986) yields P< 0.0005.
Fig. 6. Photomicrograph of toad bladder fixed in the normal con-
figuration (mucosal side inward) in the presence of a hydrostatic
pressure of 6 cm 1120 applied to the mucosal surface. The inter-
cellular spaces remain closed. However, the epithelium is mar-
kedly thinned when compared to everted sacs fixed while under
a similar hydrostatic pressure applied to the serosal surface
(Fig. 3b).
Fig. 7. Photomicrographs demonstrating the effect of smooth
muscle contraction on toad bladder cpu helium. a. 1 mM/liter
acetylcholine; the epithelium is thrown into deep folds decreasing
the effective surface area available for water reabsorption. Note
the absence of dilated intercellular spaces; b. 5 mM/liter adenosine
triphosphate; in addition to the formation of crypts or folds,
palisading of the epithelium was also observed.
1.5
—log V=0.143+0.063 HP
r=0.983
0.5
10
HP, cm H20
15 20
C a'!
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increased from zero to five cm of H20. Thereafter
there was a slight decrease in total epithelial thickness
and then a leveling off as serosal hydrostatic pressure
was further increased.
The application of similar degrees of hydrostatic
pressure to the mucosal surface of the toad bladder
resulted in marked distension and thinning of the
epithelial layer but intercellular space enlargement was
not observed (Fig. 6).
Effect of acetylcholine and adenosine triphosphate
pretreatment on vasopressin-induced intercellular space
formation. Addition of 1 m'vi acetyicholine or 5 mM
adenosine triphosphate to the serosal bathing solution
caused immediate and intense contraction of the
bladder sacs. With the addition of vasopressin to the
serosal bathing solution 5 to 10 minutes later, notice-
able change in the state of contraction of the bladder
sacs was not observed. In tissue fixed 20 minutes after
the addition of vasopressin, the wall of the bladder
was thrown into deep folds and the epithelium ex-
hibited palisading. No enlargement of intercellular
spaces was observed (Figs. 7a and b).
Effects of acetylcholine and adenosine triphosphate
on pre-existing enlarged intercellular spaces. In this
set of experiments intercellular space enlargement was
induced by vasopressin added to the serosal bathing
medium in the presence of an osmotic gradient favor-
ing fluid movement from the mucosal to the serosal
side of the epithelium. After 20 minutes of exposure to
vasopressin, SCC increased 50 to 400% with a con-
comitant fall in across the bladder wall of 25 to
50% (300 to I000Q). The epithelium of sacs fixed
under these conditions had uniformly dilated inter-
cellular spaces and the granular cells appeared to be
increased in volume (Fig. 8). These results are similar
to those reported by several groups of investigators
[1, 2, 4, 24]. In the experimental sacs exposed to 1 mM
acetylcholine or 5 mvt adenosine triphosphate by
addition to the serosal bathing solution, there was
marked contraction of the sacs. The sacs remained in
a state of contraction indefinitely until the experiment
was terminated by fixation. The epithelium of the
contracted bladder sacs was again thrown into deep
folds and palisading of the epithelium was evident
(Fig. 9). Most noteable, however, was the almost total
absence of dilated intercellular spaces that were pre-
viously present as shown in the control sacs (compare
Figs. 8 and 9). The rare intercellular spaces that did
remain were observed between epithelial cells at the
tops of the deep folds or crypts (Fig. 9, arrow).
Fig. 8. Photomicrograph of toad bladder from a control preparation in which rasopressin-induced osmotic water f/ow was present at time
offixation. Water flow under these conditions averaged approximately 0.7 ml min g dry weight (see text). In contrast to Figs. 3a
and b, dilated intercellular spaces are prominent along the lateral borders of all surface epithelial cells. There is no evidence of sepa-
ration of the basal layer of the epithelial cells from the basement membrane.
rS
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Fig. 9. Photomicrograph of an experimental sac in which vasopressin-induced osmotic water flow was interrupted by acetylcholine-induced
smooth muscle contraction. In contrast to Fig. 8, most of the intercellular spaces are closed, Several dilated intercellular spaces are seen
at the tops of the epithelial folds in cells near the lumen (arrow).
Effects of acetyicholine on vasopressin-induced osmo-
tic water flow. The results of these experiments are
shown in Fig. 10. The open bars represent the control
sacs while the hatched bars represent the experimental
sacs. Each bar, open or hatched, represents the average
mucosal to serosal water flow in seven sacs. During
all periods hypotonic Ringer's solution bathed the
mucosal surface of the epithelium. The average water
flow during control periods one and two of both the
control and experimental sacs was 0.072 SD 0.066 ml.
mm 1 g dry weight . Vasopressin was then added
to both groups of sacs. After 20 minutes vasopressin-
stimulated osmotic water flow rose to 0.659±sD
0.153 ml. min' . g dry weighr1 (period 3). In the
subsequent three periods water flow in the control
group (open bars) slowly declined to 0.450±sD
0.156 ml . min g dry weight. In sharp contrast,
however, the rate of flow of water across the epithelium
in the experimental sacs (hatched bars) fell back to
control levels (0.069±sD 0.059 ml min g dry
weight-1) during periods five and six after the addition
of acetyicholine.
Discussion
The present study demonstrates that, in the absence
of a positive hydrostatic pressure gradient from the
serosal to mucosal side, intercellular space dilatatAon
accurately reflects transepithelial water flow. The
results emphasize that extreme care must be exercised
to avoid the creation of even the smallest degree of
hydrostatic pressure on the serosal side of the toad
bladder epithelium in any study attempting to relate
the morphology of the epithelium to transepithelial
water flow. As shown in Fig. 5 and Table 1 hydro-
static pressure gradients as small as 0.5 cm of H20
were actually more than sufficient to cause marked
intercellular space enlargement. The enlargement of
the intercellular spaces was associated with an in-
crease in the total thickness of the epithelial layer.
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0.3
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Fig. 10. Graph depicting the effect of acetylcholine on vasopressin-
induced osmotic water flow in toad bladder sacs. The lines within
the bars indicate the standard deviation of the group. The open
bars represent seven control sacs and the hatched bars represent
seven experimental sacs. Periods one and two depict water flow
measured in the presence of an osmotic gradient (110 mOsm/
kg H20) only. Periods 3 and 4 depict vasopressin-induced
osmotic water flow. The morphology of the epithelium fixed
during this condition is shown in Fig. 8. In periods 5 and 6
acetylcholine, 1 mM was added to the serosal bathing solution
of the experimental sacs only. Fig. 9 depicts the morphology of
the epithelium fixed under these conditions.
Therefore, an actual increase in the total area and in
all probability, although not measured directly, the
total volume of the intercellular space occurred with
the application of increasing degrees of serosal hydro-
static pressure. Experiments in the frog skin have
yielded similar results [25]. It was our experience that
the configuration of the enlarged intercellular spaces
occurring secondary to the application of hydro-
static pressure to the serosal surface of the epithelium
was, in most instances, discernible from that which
occurred secondary to vasopressin-induced osmotic
water flow (compare Figs. 3a—c with Fig. 8). In the
former instance the largest intercellular spaces occurred
near the basement membrane or basal lamina of the
epithelium and they were rarely observed between the
surface epithelial cells unless pressures exceeded 5 cm
H20. With sufficient pressure the epithelium was
lifted and in some instances actually separated from
the basal lamina. There did not appear to be any
swelling of the granular cells. Vasopressin-induced
osmotic water flow, on the other hand, resulted in the
formation of dilated intercellular channels that had a
more uniform distribution throughout all cell layers
of the epithelium. In addition, the granular cells
within the epithelium appeared to be increased in
volume, an observation that has been reported by
several investigators [1, 2, 4, 24].
The present observations, coupled with earlier
studies by DiBona and Civan [11] that reportedly
demonstrated a markedly open intercellular space
configuration in loosely mounted toad bladders and
an opposite configuration in more tightly mounted
tissues, should serve to sound a note of caution in the
interpretation of morphological studies of toad bladder
that have employed the Ussing chamber or its modi-
fications. With the use of chambers the bladder is
stretched to various degrees during mounting. The
amount of stretch placed on the epithelium is more
difficult to control in comparison with the sac prepa-
ration. From our own experience with the chamber
technique, the end result is often a significant variation
in the amount of stretch that had been applied from
one bladder preparation to another. With the sac
preparation, on the other hand, there is less danger
of over- or understretching the bladder during mount-
ing since the degree of tension placed on sacs of similar
size is roughly proportional to the volume of fluid
within the sac.
A second disadvantage of the chamber technique is
the lack of ability to precisely control hydrostatic
pressure gradients across the membrane. A possible
example of this problem is demonstrated in a recent
study where it was believed that enlargement of inter-
cellular spaces occurred secondary to atropine-induced
smooth muscle relaxation [11]. Based on the published
pictures and our present findings, we believe it just
as likely that the intercellular space enlargement could
have been caused by an increase in hydrostatic pressure
inadvertently introduced on the serosal surface of the
membrane before or during fixation. This may have
occurred when the serosal bathing medium was re-
placed with a solution containing atropine or when
glutaraidehyde was later added to the serosal bathing
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solution at the initiation of fixation. Additional evi-
dence in support of this alternative explanation is
provided by a recent study from our laboratory in
which intercellular space enlargement could not be
demonstrated in the toad bladder sac treated with
atropine [12]. It is also quite possible that some of the
variation in the size of intercellular spaces previously
thought to be a consequence of differences in the
amount of stretch applied to the bladder [11] could
be due to the presence of varying degrees of hydro-
static pressure on the serosal side of the membrane
at the time of fixation. We would agree with DiBona
and Civan [11] that the size and configuration of
intercellular spaces in the toad bladder may be modi-
fied by factors other than water flow. However, we
would emphasize that the effect of serosal hydrostatic
pressure is probably of much greater consequence
than smooth muscle relaxation or the degree of
stretch placed on the epithelium in the formation of
enlarged intercellular spaces in the absence of vaso-
pressin-induced osmotic water flow.
The failure to observe enlargement of intercellular
spaces when hydrostatic pressure was applied to the
mucosal surface confirmed an earlier report by Gfeller
and Walser [23]. Marked thinning of the epithelium
and flattening of the surface microvilli secondary to
stretching of the bladder was observed. If the integrity
of the tight junctions is maintained and no vasopressin
is present to alter the permeability of the mucosal
membrane to water, then increased water flow through
the lateral intercellular spaces would not appear
possible. Although the bladder was stretched and
stretched-induced increases in sodium movement
across the toad bladder epithelium have been reported
[16], present evidence has not yet clearly established
a relationship between water movement and sodium
transport under these conditions [23].
The ability of acetylcholine and adenosine triphos-
phate to eliminate enlarged intercellular spaces formed
as a consequence of vasopressin-induced osmotic
water flow and to prevent their formation in the pre-
sence of vasopressin and an osmotic gradient may
well be due to their action as smooth muscle con-
tractants. Gross and light microscopic observations
support this concept. With bladder contraction the
epithelium was thrown into deep folds. Thereupon
virtually all of the available effective surface area for
vasopressin-induced osmotic water flow was largely
eliminated, perhaps through the creation of large
unstirred pockets of fluid in which the osmotic gradient
was quickly dissipated. The results of the experiments
in which water flow across the epithelium was meas-
ured after treatment with acetylcholine coincide with
the morphologic findings and offer further support
for the above contention. The addition of acetylcholine
effectively eliminated all vasopressin-induced water
flow across the epithelium. With the cessation of flow
no enlargement of intercellular spaces was observed
in the epithelium. In this instance then, it would
appear that smooth muscle within the submucosa did
have an effect, albeit indirect, on the configuration of
the intercellular spaces and the configuration of these
spaces accurately reflected the degree of water flow
across the epithelium. Although a direct or other
actions of acetylcholine and adenosine triphosphate
cannot be excluded, we believe the above proposed
mechanism is a sufficient explanation for our obser-
vations.
It might be argued that osmotic water flow was
prevented during bladder contraction because vaso-
pressin could not gain access to the serosal surface
of the epithelium after the hormone was added to the
serosal bathing solution. However, this does not appear
to be a likely explanation in the series of experiments
in which vasopressin-induced osmotic water flow was
first established and then interrupted by the addition
of acetyicholine. Rasmussen et al. [26] have demon-
strated that a period of 20 minutes is required for the
permeability of the membrane to return to normal
after vasopressin has been washed out of the toad
bladder epithelium. Since in our experiments, meas-
urements of water flow were initiated within five
minutes after the addition of acetylcholine and con-
tinued for 10 minutes (period five, Fig. 10), it would
appear reasonable to expect that vasopressin-induced
permeability of the membrane was still present during
period five even in the absence of additional hormone
gaining access to the serosal surface of the epithelium.
At present we conclude that intercellular space
dilatation accurately reflects transepithelial water flow
across the toad bladder epithelium in the absence of a
positive serosal hydrostatic pressure. Furthermore,
contraction of smooth muscle within the bladder wall
can influence the degree of intercellular space dilata-
tion within the epithelium while smooth muscle re-
laxation does not appear to have the same effect,
contrary to a previous report [11].
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